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Abstract
As one kind of noble metal nanostructures, the plasmonic gold nanostructures possess unique optical properties as well as good
biocompatibility, satisfactory stability, and multiplex functionality. These distinctive advantages make the plasmonic gold nanostruc-
tures an ideal medium in developing methods for biosensing and bioimaging. In this review, the optical properties of the plasmonic
gold nanostructures were firstly introduced, and then biosensing in vitro based on localized surface plasmon resonance, Rayleigh
scattering, surface-enhanced fluorescence, and Raman scattering were summarized. Subsequently, application of the plasmonic gold
nanostructures for in vivo bioimaging based on scattering, photothermal, and photoacoustic techniques has been also briefly covered.
At last, conclusions of the selected examples are presented and an outlook of this research topic is given.
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Introduction

With the rapid development of nanotechnology, plasmonic
metal nanostructures have attracted much attention because
of their nanometer size, fascinating physicochemical proper-
ties, and surface plasmon behavior [1]. Through modulating
their composition, size, shape, and structure [2], the properties
and behaviors of plasmonic metal nanostructures could be
easily tuned, which guarantee their wide application in fields
as diverse as catalysis, energy, environment, electronics, biol-
ogy, and medicine [3, 4]. Among the various plasmonic
nanomaterials, gold nanostructures (including nanospheres,
nanorods, nanostars, nanoshells, etc.) have attracted extensive
research interest especially in the biology and medicine areas
due to their distinct optical and physical properties such as
localized surface plasmon resonance (LSPR), Rayleigh

scattering, surface-enhanced fluorescent signal, and surface-
enhanced Raman scattering (SERS) [5–8]. These properties
enable gold nanostructures to be a kind of prominent scaffolds
for the design of biosensors for a wide range of targets [9–11].
Additionally, gold nanostructures also have many other ad-
vantages such as fine biocompatibility, good stability, and
diverse functionality, which are ideal for bioimaging andmed-
ical applications.

Up to now, various applications in biological sensing,
imaging, medical diagnosis, and cancer therapy are based
on scattering or absorption of gold nanostructures [12–14].
For instance, the LSPR shift caused by both scattering and
absorption and tuned by size, shape, and interparticle dis-
tance can be utilized to report the absence or presence of
the target molecules [15–17]. Moreover, the strong scatter-
ing signal and photostability make them an ideal type of
optical labels and probes. In addition, photothermal effect
caused by nanostructure absorption is widely used in
bioimaging and cancer therapy [18–20]. Its performance de-
pends on a modulated pump laser beam that is employed to
heat the plasmonic nanostructure and a probe beam that is
used to detect the thermal induced change in the reflective
index. Similarly to photothermal imaging, photoacoustic im-
aging is another technique to detect light absorption but mon-
itoring the resultant acoustic waves. Unlike traditional optical
imaging techniques, photoacoustic imaging is noninvasive,
and it can monitor acoustic signals upon light excitation, thus
detecting tissues deep to about 50 mm with high temporal
resolution and superior selectivity [21].
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In this review (Fig. 1), a brief overview of the optical
properties of plasmonic gold nanostructures for sensing
in vitro is firstly introduced, and then the examples of sens-
ing based on localized surface plasmon resonance (LSPR),
Rayleigh scattering, surface-enhanced fluorescence, and
Raman scattering (SERS) were summarized. Moreover,
the progress in which the plasmonic gold nanostructures
were used as imaging labels in vivo based on scattering,
photothermal, and photoacoustic techniques is also briefly
covered. Finally, conclusions of these examples and out-
looks on this research topic are proposed.

Plasmonic gold nanostructures for biosensing
in vitro

Sensing based on both absorption and scattering
(LSPR shift)

LSPR is a spectroscopic technique based on the resonant os-
cillation of conduction electrons at interfaces of noble metal
nanoparticles stimulated by incident light. When LSPR hap-
pens, some of the photons will be released with the same
frequency in all directions, the process of which is defined
as scattering. Meanwhile, some of the photons will be trans-
formed into vibrations of phonons or lattice, the process of
which is known as absorption [22]. The absorption frequency
of the surface plasmon band of metal nanoparticles depends
on nanoparticles size, shape, and interparticle distance. Since
the LSPR shift based on both scattering and absorption of gold
nanostructures (AuNPs) tuned by distance change and struc-
ture change of AuNPs can be utilized to report the absence or
presence of target molecules, by a visual change of solution
color or red shift of the AuNPs’ surface plasmon band,

applications based on LSPR shift were mainly introduced in
this section.

LSPR shift based on the distance change

Plasmonic AuNPs have great promise for use in biomolecular
analysis because its optical properties can be used to report the
presence and absence of the analytes [23]. Specifically, the
change in interparticle separation distances will perturb the
LSPR band of the ensemble and lead to a pronounced color
variance. Since it was firstly demonstrated for DNA detection
by Mirkin et al. in 1996 [24], distance-based LSPR shift has
been widely studied for sensing various analytes. For exam-
ple, Lee and Kang’s group reported a colorimetric assay to
analyze the biomarker of Middle East respiratory syndrome
coronavirus (MERS-CoV) [25]. As shown in Fig. 2A, a pair
of DNA sequence modified with thiol at either the 5′ terminal
or 3′ terminal to form complementary base pairs with upstream
of the E protein gene and open reading frames 1a on MERS-
CoV was designed. The target sequence and the two DNA
fragment formed a disulfide-induced long self-assembled com-
plex, which protected AuNPs from aggregation induced by salt
solution and transition of optical properties. Through LSPR
shift and color changes of AuNPs in the UV-vis wavelength
range, the platform was able to discriminate 30 bpMERS-CoV
down to 1 pmol/μL. Taking advantage of the aggregation of
AuNPs triggered by liposome encapsulating reagent, a plas-
monic enhanced lateral flow assay with an improved colorimet-
ric signal has been proposed [29]. Through this signal enhance-
ment strategy,Escherichia coliO157:H7 in buffer and in liquid
food systems could be detected with a limit of detection (LOD)
of 100 CFU/mL and 600 CFU/mL, respectively. Apart from
biosensing, the excitation of LSPR of AuNPs can also be uti-
lized for photodynamic therapy. Recently, Wang et al. found
that cationic polymer poly (diallyldimethylammonium chlo-
ride) (PDDA) could assemble AuNPs form into aggregates
with intensive plasmonic resonance [30]. The group also dis-
covered that the triplet state enhancement effect of PDDA-
assembled AuNPs was sensitive to the size of AuNPs and the
concentration of polymer, which exhibit great potential on the
applications of AuNPs in triplet exciton harvesting, triplet-
triplet energy transfer, and photodynamic therapy. Contrast to
previous results where only 2–3 times of the triplet state en-
hancement effect was displayed [31, 32], the maximum plas-
mon enhancement effect was calculated to be∼10-fold detected
by transient UV-vis absorption spectroscopy in this report. This
obvious enhancement resulted from the plasmon effect of
AuNP aggregates shows obvious advantage in establishing
sensing method of higher sensitivity.

Besides biomolecular analysis, the AuNP-assisted colori-
metric method has also been extended to monitor reaction
processes. DNA-functionalized AuNPs are often obtained
through thiols labeling; however, the DNA hybridizationFig. 1 Overview of this review
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would be hindered, and the colloidal stability of the conju-
gate would be lowered by the inevitable random and uncon-
trollable DNA base adsorption. Liu et al. discovered that
Br− could serve as an effective backfilling agent displacing
selected DNA bases on gold [26]. As shown in Fig. 2B, all
colorimetric and UV-vis spectroscopy confirmed that
300 mM NaF and NaCl could induce dispersed AuNPs to
aggregate, while the AuNPs remained dispersed even with
500 mM NaBr. Using these Br− decorated biointerfaces
with improved colloidal stability and hybridization effi-
ciency, biosensing and drug delivery benefit from the direct
assembly of nanomaterials could be realized. Recently, Rao
et al. presented an ingenious strategy for the determination
of heavy metal ions, which converted the commonly ob-
served nonspecific turn-off response of [−]AuNP into a
dramatic selective turn-on response [33]. Results showed
that Pb2+ could break the electrostatic interactions in
[+]-[−]AuNP nanoionic precipitates prepared from 11.4 ±
1.2 nm AuNPs selectively and expel [+]AuNP into solu-
tion, leading to the turn on of the plasmonic wine red color.
The selectivity of discriminating Pb2+ from other divalent
metal ions was attributed to the dominance of interaction
energy for the formation of [−]AuNP-Pb2+ complex over
the inter-nanoparticle interactions. Compared with the re-
ports based on analyte-specific AuNPs, the relative lower
sensitivity of this work may hinder its application. Further
efforts on improving the sensitivity of the identification
protocol were undertaken by the same group through tuning
the interactions in nanoionic precipitates.

LSPR shift based on the structure change

Apart from the distance change for colorimetric sensing, struc-
ture change of AuNPs has also been demonstrated to produce
dramatic shifts in LSPR and enhance the detection sensitivity
greatly. The binding of a biological molecule onto the surface
of gold nanostructure would change the local refractive index
and in turn induce a LSPR shift in wavelength. According to
this theory, Jeon et al. presented a sensitive and rapid
nanosensor for the detection of cortisol hormone [27]. As
shown in Fig. 2C, the cuvette-type nanosensor comprised an
assembly of plastic unit sensors coating with AuNPs in a
single layer, on which cortisol-BSA conjugate was
immobilized. The above conjugate could bind cortisol anti-
body and induced a red shift in LSPR wavelength. As a proof
of concept, cortisol both in PBS solution and serum over the
range of 2.759–3 × 103 nM could be detected within only
20 min. Funari et al. [34] developed a label-free sensing plat-
form consisting of a gold nanospike covered glass substrate to
detect the presence of antibodies against the SARS-CoV-2
spike protein, based on the LSPR peak shift of gold
nanospikes. This platform was fabricated by gold electrode-
position and integrated in a microfluidic chip coupled with a
reflection probe. A series of comparative experiments
displayed that Au nanospikes with a surface coverage of
~20% have the strongest light absorption at ~513 nm. The
LSPR shift degree was correlated with the concentration of
target antibody bound with antigen, and a LOD of ∼0.5 pM
could be achieved within 30 min. Through applying the

Fig. 2 A The scheme of colorimetric analysis of DNA sequence based on
disulfide-induced self-assembly. Reprinted with permission from ref.
[25], Copyright 2019 American Chemical Society. B The schematic of
specific AuNPs in several kinds of salts solution and the corresponding
absorbance. Reprinted with permission from ref. [26], Copyright 2018

American Chemical Society. C The scheme of the competitive cortisol
analysis using PlexNanoCuves. Reprinted with permission from ref. [27],
Copyright 2018 Elsevier B.V. All rights reserved. D Schematic illustra-
tion of the dual-modality immunosensor construction. Reprinted with
permission from ref. [28], Copyright 2019 American Chemical Society
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phenomenon that benzoyl peroxide (BPO) could oxidize Ag
nanoshells on the surface of Au@Ag nanorods (NRs), Lin
et al. presented a sensitive colorimetric assay of high resolu-
tion for the detection of BPO [35]. In contrast to AuNPs, the
isotropic AuNRs possess longitudinal LSPR peaks that are
highly sensitive to the change of their aspect ratio. The etching
of Ag nanoshells could change the aspect ratio of AuNRs and
cause a red shift of longitudinal LSPR peak, leading to a
sharply contrasting multicolor change. The stick-like AuNRs
with 15 ± 3 nm in diameter and 50 ± 8 nm in length exhibit
two extinction bands around 515 nm and 820 nm, respective-
ly. The red shift of longitudinal LSPR peakwas linear with the
BPO at concentrations ranging from 0 to 100 μMwith a LOD
of 0.75 μM. Additionally, Au nanobipyramids (AuNBPs)
with sharp edges are expected to be ideal colorful chromogen-
ic substrates due to their high sensitivity to refractive index.
Based on the LSPR peak shift of AuNBPs that have a standard
bipyramid shape with a brown color and the photocurrent
response of flexible reduced graphene oxide or CdS/ZnO
NR arrays, Wei et al. [28] developed a dual-modality readout
immunoassay platform for the broad-spectrum and sensitive
determination of ochratoxin (Fig. 2D). In this assay,
nanoliposomes were used to encapsulate horseradish peroxi-
dase (HRP) and as the carrier of the secondary antibody. In the
presence of H2O2, the HRP could trigger enzymatic
bioetching of CdS on the photoelectrode, producing a detect-
able change of photocurrent. Moreover, HRP could oxidize
H2O2 to generate hydroxyl radicals to etch AuNBPs, which
would induce LSPR shifts and multiple color changes
(brown→gray green→bluish green→pink). Compared with
the previous reports, this immunoassay exhibited a much low-
er LOD due to the greatly photocurrent and peak shift signal
amplified [36, 37]. What is more, owing to the completely
independent transmission mechanism and signal conversion,
this dual-modal immunoassay was more reliable and precise
as compared to the corresponding single-modal
immunoassay.

Sensing directly based on Rayleigh scattering

Sensing based on both absorption and scattering (LSPR shift)
is attractive for diagnostic applications. However, measuring a
whole LSPR spectrum of individual particle typically requires
long integration time for a regular spectrometer. Moreover,
optical modeling and experimental data demonstrated that a
great many of pony-size gold particles (e.g., about 15 nm in
diameter) are needed to provide a measurable red shift in the
surface plasmon band. Hence, directly monitoring scattered
light rather than reflected light from AuNPs of large size
(e.g., about 40–100 nm in diameter) would improve the sen-
sitivity of sensors. When the large size AuNP was brought to
the immediate distance of another one, the two plasmonic
nanoparticles would occur coupling effect, resulting in

dramatic intensity amplification and distinctive shift of the
scattering spectra. Compared with the aggregation induced
red shift in LSPR mentioned above, Müller et al. found that
the color of scattered light changed concomitantly and provid-
ed a more sensitive means of detecting nanoparticle hybridi-
zation complexes when spotted onto a waveguide [38]. By
taking advantage of this coupling effect, Zhai et al. [39] pre-
sented a selective and sensitive detection and imaging of Cu2+

in live cells at a single-particle level. As shown in Fig. 3A, a
core-satellite plasmonic nanoprobe, of which the shift in plas-
mon resonance wavelength and the scattering cross section
will be significantly altered by the satellite number, the satel-
lite radius, the core radius, and the distance between core and
satellites, was assembled by metal ion-dependent DNA-cleav-
ing DNAzyme linker. In the presence of Cu2+, the DNAzyme
linker would be cleaved, induce the disassembly of the
nanoprobes, and result in visible color change of the scattering
light and unique blue shift of the scattering spectra of gold
core-satellite probes. In this system, the LOD was as low as
67.2 pM, and the nanoprobes were further applied for intra-
cellular Cu2+ imaging analysis. Since the disassembly of the
Au core-satellite probes could lead to dramatic blue shifts of
the scattering spectra as well as naked color change, this
coupled plasmonic nanoassembly offers a much more excel-
lent detection sensitivity compared with the conventional
Cu2+ sensing methods based on colorimetric and fluorescent
analysis [43, 44]. Lee et al. also reported the disassembly of
core-satellite nanostructure for protease activity detection by
taking advantage of the change of light scattering [45]. The
negatively charged AuNPs of 50 nmwhich served as a core of
the nanosensor were fixed on the positively charged surface of
the 3-aminopropyltriethoxysilane-functionalized glass slide.
Then the biotinylated peptides were attached onto the surface
of core nanoparticles via Au-thiol contact. After that, the core-
satellite nanosensor was self-assembled by the binding be-
tween the streptavidin-modified satellite and the biotinylated
peptide. As a result, the complete color change originated
from the trypsin-induced disassembly of core-satellite nano-
structure could be captured by a true color charge-coupled
device camera. Apart from core-satellite structure, Zhao
et al. presented a new strategy for miRNA analysis based
on the formation of a plasmonic Au@Ag nanosnowman
(Fig. 3B) [40]. The plasmonic Au@Ag nanosnowman
was obtained through integrating hybridization chain reac-
tion (HCR) amplification and exonuclease III (Exo III)-
assisted target recycling strategy. The Au@Ag head-body
structure with greatly changed scattering wavelengths was
formed because of the asymmetrically deposition of the
Ag+ released by dissolved AgNCs on 50 nm AuNPs. In this
way, miRNA-21 could be detected with a proportional band
from 1 fM to 100 pM, as well as a LOD of 0.60 fM which is
much lower than previous reports [46]. Through applying
dark-field microwells and 50 nm AuNPs that functionalized

304    Page 4 of 15 Microchim Acta (2021) 188: 304



with DNA, Hwu et al. [47] also presented a new tool for the
detection of miRNA in buffer solution as well as cell lysate.
Without involving a dark-field microscope, this miniatur-
ized device enables the readout of an AuNP assay. What is
more, this tool would sense miRNA with high throughput,
which make them a potential tool for point-of-care
diagnosis.

Plasmonic resonance energy transfer (PRET) is a new form
of energy transfer observed in Rayleigh scattering. It requires
the overlap between the resonance frequency of the Rayleigh
scattering of metallic nanoparticle and the frequency of the
electronic absorption band of the biomolecule [48]. When
the biomolecule is conjugated with plasmonic nanoparticle,
the PRET occurs, which results in distinguishable resonant
quenching of Rayleigh scattering. Provided by this technique,
high sensitivity can be achieved because of the high
nanoscopic spatial resolution. More importantly, the molecu-
lar specificity can also be realized by target-specific resonant

quenching in Rayleigh scattering, which only occurs if the
AuNPs and the target have a matched frequency. Since firstly
been discovered in 2007, the PRET has been widely utilized
for molecules recognition and ions detection [49]. For in-
stance, Chen’s group applied PRET-based spectroscopy on
single gold nanostar (AuNS) to study the enzyme and specific
biomolecule recognition kinetics [41]. In this assay, anisotrop-
ic AuNSs were applied due to the possibility of fine-tuning
their optical properties through altering the degree and size of
branching. The average size of the involved symmetric
AuNSs is ~408 nm, the average diameter of their icosahedral
gold seeds is ~200 nm, and the plasmon resonance peak is
around 575 nm. As shown in Fig. 3C, the kinetics of DNase I
digestion and biotin-streptavidin recognition in different phys-
iological environment were explored via detecting the vari-
ances of absorption spectra for the black hole quencher® 3
(BHQ-3), and results show that the sizes of molecules and the
viscosities of media play a critical role in enzyme digestion

Fig. 3 A Schematic of the scattering spectrum of Au core-satellite
nanoassembly before and after incubation with Cu2+. Reprinted with
permission from ref. [39], Copyright 2018 American Chemical Society.
B Schematic illustration of the principle for determination of miRNA-21
(miR-21). Reprinted with permission from ref. [40], Copyright 2019
American Chemical Society. C The scheme of the specific biomolecule

analysis and enzyme kinetics based on plasmon resonance energy transfer
(PRET) spectroscopy on single gold nanonstars. Reprinted with permis-
sion from ref. [41], Copyright 2018 American Chemical Society. D
Schematic illustration of the acid phosphatase detection based on
PRET. Reprinted with permission from ref. [42], Copyright 2020
American Chemical Society
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and biomolecule recognition. Liu et al. discovered PRET from
a gold nanosphere (with a diameter of 70 nm and a scattering
peak ranging from 490 to 690 nm) to a quantum dot at the
single-particle level [8], and through which, a separation-free
homogeneous immunoassay for prostate-specific antigen with
an ultralow LOD of 0.2 fM was developed. Urchin-like
AuNPs (UGP) that have unique optical properties compared
to the corresponding spherical AuNPs of the same core diam-
eter have also been applied. It can cause a red shift in the
surface plasmon peak and a larger enhancement of the elec-
tromagnetic field [42, 50]. Taking advantage of the PRET
between oxTMB and UGPs with a central core and multiple
sharp tips and a mean size of 138.4 nm, Yan et al. designed a
new approach for acid phosphatase (ACP) detection (Fig. 3D)
[51]. When the ACP was introduced, 2-phospho-L-ascorbic
acid trisodium salt (AAP) could be converted into hydrolyzate
ascorbic acid (AA), which would reduce oxTMB into TMB,
thus inhibiting the emergence of PRET and recovering the
scattering spectral intensity of UGPs. Through this strategy,
ACP could be monitored with a LOD of 0.076 U/L. Wang
et al. designed a kind of “loading-type” plasmonic
nanomaterials [52], which constituted of mesoporous
silicon-coated AuNPs (Au@MSN, diameter ∼60 nm) as
PRET donors and loaded organic small molecules (termed
as CHCN) as PRET acceptors. Since the CHCN has an ab-
sorption band at 560 nm and indicates a strong overlap with
the LSPR of Au@MSN, the PRET process between themwas
guaranteed. In the presence of the target ONOO−, the CHCN
specifically reacted with ONOO−, generated a product, and
blocked the PRET. In this way, the “loading-type” plasmonic
nanosensor could realize the ONOO− determination with
good selectivity and sensitivity (at a single nanoparticle level).
Since PRET has broad applications in biosensing, the effect of
the distance (d) between the conjugated molecules and the
plasmonic nanoparticle on the PRET efficiency (ηPRET)
has been investigated by utilizing Cy3 molecules or
tetramethylrhodamine as acceptors and single spherical
AuNPs as donors [53]. Double-stranded DNA was applied
to regulate the d-values between the donor and the acceptor.
Both theoretical and experimental results show that a decay
function dependent on d-value for the ηPRET could be ob-
tained, which would shed light on more PRET-based bio-
chemical sensors.

Sensing based on surface-enhanced fluorescent
signal

Interaction between the excited state fluorophores and free
electrons on the plasmonic metal surface significantly affects
fluorescent intensity. For example, in fluorophore quenching
at 0–5 nm, the incident light field occurs at a spatial variation
of 0–15 nm, and the radiative decay rates change at 0–20 nm
[54]. The localization of fluorophores near metal nanoparticle

will lead to dramatic fluorescent signal enhancement on the
nanometer scale and allows for an even lower LOD for early
disease detection and clinical diagnosis applications. Gao
et al. constructed a versatile AuNSs@SiO2-based plasmon-
enhanced fluorescence probe together with 20 symmetric
“hot spots” for in situ “lighting up” imaging of intracellular
miRNAs [55]. By regulating the thickness of the silica shell,
the distance between AuNSs and fluorescent dyes was con-
trolled, and an optimum fluorescence enhancement (21-fold)
was obtained when the silica shell was of approximately
22 nm thickness. As shown in Fig. 4A, the assistant probe,
which was in fluorescent “off” state owing to the FRET be-
tween Cy5.5 and BHQ-3, was bonded to the AuNSs@SiO2 to
form the enhanced fluorescence probe. The miRNA-21 could
hybridize with the Cy5.5 labeled sequence (assistant DNA2)
completely and replace the BHQ-3 labeled sequence (assistant
DNA1), inducing Cy5.5 far away from BHQ-3 and “turn on”
the fluorescent signal. Because of the involvement of these 20
powerful “hot spots” which could produce stronger localized
electric fields, this AuNS probe exhibited stronger plasmon-
enhanced effects than the traditional plasmonic nanostruc-
tures, and a LOD of 0.21 pM which is much lower than those
of recently reported approaches was achieved [59, 60]. What
is more, the probe could also discriminate cancer cells and
normal cells by different expression levels of miRNA-21.
Since there are rare research reports on experimental evidence
for enhanced fluorescence from dyes bound to AuNSs, Zhou
et al. presented a groundwork of two-photon induced fluores-
cence enhancement of Cy3 near AuNSs in colloids [61]. By
controlling the ratio of Cy3 signal on the AuNSs via changing
the nanoassembly synthesis conditions and a biotin displace-
ment experiment, enhancement factors ranging from 1.2 to 3.5
were obtained. Using immunosensor based on metal-
enhanced fluorescence, Miranda et al. [62] realized the immu-
noglobulins analysis in a common antigen-antibody model. In
this assay, the gold nanostructures arrays which were con-
structed by a simple and efficient three-step process were ad-
justed by modulating the size, interparticle distance, and opti-
cal properties of AuNPs. Optimal fluorescence enhancement
(∼150 times) of this immunosensor was achieved, and the
LOD was determined as 4.3 ng/mL. Since this assay exhibit
comparable LOD to the standard techniques to quantify pro-
teins in biological fluids like nephelometry [63], it possess
great promise for real sample analysis in the future.

For the past 2 years, extraordinary efforts have been made
to reveal whether the surface-enhanced fluorescent signal
could be exploited advantageously to overcome the drawback
of photobleaching and weak fluorescence associated with tra-
ditional organic dyes. Peng et al. presented a nanogap
antenna-based sensing platform to detect the low-abundance
nucleic acid biomarkers with high sensitivity [56]. AuNRs
with an aspect ratio of 2.25 (length = 27 ± 4 nm, width =
12 ± 2 nm) that generated a longitudinal plasmonic
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wavelength at 660 nmwere utilized. As shown in Fig. 4B, two
DNA hairpin sequences which could complementary hybrid-
ize with the opposite ends of the target molecules were
immobilized on the tips of AuNRs through Au-S bonds. The
competition result between the FRET and fluorescent signal
enhancement depended on the distance between the
fluorophore and the AuNR surface. In the existence of targets,
end-to-end AuNR dimers were assembled and the
fluorophores quenched by the AuNRs exhibited a dramatic
fluorescence enhancement. As a result, miRNA-21 could be
detected with a low LOD of 97.2 aM, which is ∼10 times
lower than those of recently reported other methods [64].
Theodorou et al. reported an AuNSs monolayers assembled
plasmonic arrays which enabled up to 19-fold fluorescence
signal enhancement for cellular imaging in the near-infrared
(NIR) biological window, allowing the application of low
quantum yield fluorophores for sensitive bioimaging [65].
Compared with those commercial SPR chips that lack system-
atic LSPR tuning, these AuNS arrays exhibit great potential
for multiplexed applications [66]. Luan et al. introduced a
stable and bright fluorescent nanoconstructure, termed plas-
monic-fluor, which exhibits up to 6700 (±900)-fold brighter
signal compared with the corresponding single NIR
fluorophore [67]. By this ultrabright fluorescent enhancement,

femtomolar LOD of analytes with standard bioassays could be
achieved. Chakkarapani et al. developed a simple and reliable
method that provided up to ∼100-fold uniform fluorescence
enhancement of endogenous fluorescence of the capsaicinoid
molecule [68]. Through monitoring the endogenous fluores-
cence of capsaicinoid enhanced by plasmon single nanoparti-
cles, ultralow LOD of zM (10−21 M) level which was 106

times lower than that in previous reports was obtained by this
method [69]. Since no additional toxic labeling probes were
required, this method pioneers a novel strategy for endoge-
nous fluorescence detection.

Sensing based on surface-enhanced Raman scattering

Surface-enhanced Raman scattering (SERS) phenomenon can
be observed when molecules were adsorbed onto or near a
plasmonic nanostructure. SERS is a highly sensitive and spe-
cific technique because it can detect analyte at molecular level
and identify molecules according to their unique vibrational
energy levels. More importantly, unlike spectroscopic tech-
nique based on Raleigh scattering, which requires a particular
absorption wavelength of analyte, SERS has a much wider
application due to Raman fingerprints [70, 71]. For instance,
Luo et al. developed a SERS aptasensor which could

Fig. 4 A The scheme of the AuNSs@SiO2-based probe for “lighting up”
detection of miRNA-21. Reprinted with permission from ref. [55],
Copyright 2021 American Chemical Society. B Schematic
representation of the nanogap antennas assembly for target miRNA
detection. Reprinted with permission from ref. [56], Copyright 2020
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. C The scheme

ofmultiplexed SERS detection of microcystins with aptamer-driven core-
satellite assemblies. Reprinted with permission from ref. [57], Copyright
2021American Chemical Society.D The scheme of the synthesis process
of CoFe2O4@HNTs/AuNPs composites. Reprinted with permission
from ref. [58], Copyright 2020 American Chemical Society
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individually or simultaneously detect microcystin (MC) [57].
Two of the most commonly encountered species in natural
water or in algal culture, MC-LR and MC-RR, were deter-
mined as model case. As shown in Fig. 4C, the sensor was
constructed by the hybridization of capture-functionalized Au
nanoflowers (AuNFs) dispersed on the substrate with
aptamer-functionalized Au@label@Ag@Au SERS tags.
These tags of a double shell exhibit two remarkable advan-
tages: (i) the silver layer not only intensifies the plasmonic
enhancement but also protects the labels from environmental
interference, and (ii) the outer gold coating prevents the oxi-
dation of silver and allows for greater biocompatibility. In the
presence of MC-LR and/or MC-RR, the aptamer-
functionalized composite structure dissociate from the
AuNFs due to the stronger affinity of the aptamers with the
MCs, which decreases the SERS signal. Compared with other
recently reported SERS-based strategies for MC-LR analysis
[72], the LODs of this SERS aptasensors have been signifi-
cantly decreased for separate MC-LR detection (0.8 pM) and
for multiplex detection (1.5 pM for MC-LR and 1.3 pM for
MC-RR) partly attributed to the plasmonic enhancement ef-
fect of AgNPs. Although SERS technique is capable of detec-
tion analyte at molecular level, there is still a challenge to
analyze samples with sensitivity and accuracy due to the large
variations in molecular conformation and/or packing density.
In order to improve the detection reliability, Feng et al. devel-
oped a novel dual-mode AuNPs probe based on SERS and
colorimetry for sensitive detection of telomerase activity both
in cell extracts and in the urine sample of patients [73]. In their
design, a high uniform Au dimer-based probe, in which the
single AuNP was 13 ± 2 nm and the gaps of Au dimers were
∼2 nm, was successfully assembled, and telomerase activity
was indicated by the color changes of solution and Raman
intensity of the Raman reporter. Through applying the dual-
mode of SERS and colorimetric techniques, determination of
the telomerase activity with good sensitivity (6.1 × 10−15 IU),
accuracy, and wide range was achieved. Except for the detec-
tion of a single substance, Zhang et al. [58] filled magnetic
CoFe2O4 beads inside the halloysite nanotubes (HNTs) and
designed a CoFe2O4@HNTs/AuNPs substrate for fast and ef-
fective determination of 4,4′-thiodianiline and nitrofurantoin in
real samples all-in-one by magnetic solid-phase extraction
SERS, and the LODs were 0.026 mg/L and 0.014 mg/L, re-
spectively (Fig. 4D). Choi et al. [74] prepared Au hollow nano-
spheres with size of 38 nm andwall thickness of 10 ± 3 nm and
synthesized PEGylated Ag-encapsulated Au (Ag-Au) hollow
nanospheres to develop a reproducible, stable, and sensitive
SERS nanotags for the distribution location of biomarkers. As
a result, localized distributions of three cancer biomarkers in-
cluding EpCAM, ErbB2, and CD44 expressed on breast cancer
cells could be accurately identified.

Since the SERS spectrum is obtained in the light-excited
area, the enhanced effect may vary with the position of the

substrate, and it is crucial to match the enhanced area with the
illuminated spot. In order to address this problem, Hong et al.
[75] developed a novel technique combining label-free SERS
with plasmonic trapping, by which AuNPs could be collected
in the center of initially manufactured nanobowtie structures
where hot spots are formed when a laser was excited. In this
way, rhodamine 6G low to 100 pM could be detected, and the
repeatability could be further improved through calculating
the trapping force, electric field distribution, and trapping po-
tential. Kuttner et al. [76] reported the synthesis of gold
nanotr iangles (AuNTs) in a seedless way using
benzyldimethylammonium chloride (BDAC) and 3-butenoic
acid (3BA). The preformed 3BA-synthesized AuNT seeds
could overgrown up to a final thickness of 80 nm and an edge
length of 175 nm while maintaining their tip sharpness and
triangular shape. Based on the size-dependent SERS perfor-
mance of AuNTs, 4-mercaptobenzoic acid and BDAC at
nanomolar concentrations (10−8–10−9 M) could be monitored.
This sensitivity is in the same order of magnitude as for
AuNTs obtained from a previously reported seed-mediated
approach [77].

Plasmonic gold nanostructures
for bioimaging in vivo

Compared with most of the organic fluorophores utilized for
in vivo cellular imaging, the plasmonic gold nanostructures
possess several advantages because of their water solubility,
biocompatibility, and resistance to photobleaching and
blinking. These advantageous properties make them appropri-
ate for long-time observation in vivo [78]. In the following
sub-sections, bioimaging in vivo by scattering, photothermal,
and photoacoustics of plasmonic gold nanostructures was
summarized.

Bioimaging based on scattering

The electromagnetic fields will be significantly enhanced es-
pecially in the interstitial spaces between two or more
interacting particles formed by hybridization of DNA-
modified AuNPs. When the interparticle spacing of a dimer
is less than 3 nm by binding to a single target molecule, the
signal intensity of the single dimer would be strong enough to
permit intracellular imaging. As a pioneer in this field, Lee
et al. [79] developed a hyperspectral imaging strategy based
on plasmonic dimer probes for the determination and quanti-
fication of mRNA splice variant in individual living cells. In
their strategy, DNA strands complementary to the specific
sequences of BRCA1 mRNA were labeled to 40 nm AuNPs.
After hybridizing with a single target mRNA, an AuNP dimer
was formed, which would lead to a spectral peak shift because
of strong plasmonic coupling. Using dark-field hyperspectral
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images, single mRNA could be successfully tracked and the
distribution of three selected splice variants of the target
mRNA could be monitored. Since this study provides insights
into RNA and its transport in living cells, it could improve
understanding of pharmacogenomics, genetic diagnosis, and
gene therapies [80]. Recently, the same group also reported a
strategy for live cell imaging by constructing a quantum bio-
logical electron tunneling (QBET) junction that permits to
observe the behaviors of electron tunneling by distinct barrier
widths of barrier molecules [81]. As shown in Fig. 5A, cyto-
chrome c (Cyt c) was bonded to a AuNP of ~50 nm by a linker
molecule to form a quantum tunnel junction with a potential
barrier. The AuNPs served as optical antennas that enable Cyt
c electron transfer (ET) imaging and the QBET dynamics
transmitting in living cell. Based on the AuNP optical anten-
nas, Cyt c ET in redox dynamics process during cellular ne-
crosis and apoptosis in live cells could be captured at the
molecular level in real time via QBET spectroscopy. It is
hoped that the direct observation of quantum electron tunnel-
ing demonstrated in this study would provide new insight into
the quantum mechanisms in regulating cellular processes as
well as life and death [86]. In addition, through a nanoparticle-
mediated Raman imaging method, Cho et al. [87] realized the
noninvasive analysis and selective isolation of circulating can-
cer stem cells (CCSCs). In their method, an integrated optimi-
zation Raman-active nanoprobe (RAN) platform was built by
combining a micro-fluidic chip to manipulate the complete
blood samples. By these entirely different Raman signals of
RANs, circulating tumor cells (CTCs) and CCSCs were dis-
criminated (90% efficiency), and classification of these two
cells was achieved according to their respective surface mark-
er expression.

Bioimaging based on photothermal

For singlemolecular detection in live cells, the plasmonic gold
nanostructure should be large enough to be detectable via
Rayleigh intensity scattering. However, the size of the nano-
structures may sterically hamper the interaction between the
labeled molecules. On the other hand, despite the scattering
properties are useful for tracking plasmonic nanoparticles, the
methods based on absorption may provide stronger signal
than those based on scattering [88]. In this context, Lasne
et al. [89] proposed a photothermal imaging method for track-
ing individual AuNP in live cells by combining the advan-
tages of tiny nanometer-sized labels and long observation
times. In this research, individual AuNPs of 5 nm in living
cell were tracked owing to the photothermal effect and mon-
i tor ing of the laser- induced scat ter ing around a
NanoAbsorber. Furthermore, recordings of the long trajecto-
ries of glutamate receptors on the plasma membrane of live
neurons were also demonstrated. Recently, using light-
absorbing AuNPs as nanosources of heat and quadriwave

lateral shearing interferometry (QLSI) measurements based
temperature mapping technique, Robert et al. [82] demon-
strated the laser-induced dynamical control of the heat-
shock response at single cell level (Fig. 5B). Since the
QLSI is a label-free microscopy imaging technique, this
approach was noninvasive, and there was no constraint lim-
iting the choice of fluorescent labels for the monitor of the
cell’s response. Moreover, the QLSI is fast (a few seconds
per image or even less), and the use of AuNPs as the ab-
sorbing medium offers several benefits such as size tunabil-
ity and fabrication convenience (can be fabricated using a
simple chemical approach). It is anticipated that this study
could favor the development of a nascent field of research
called thermal biology at the single cell level [90]. Besides
these aforementioned techniques, photothermal imaging
(PhI) microscopy is another label-free optical microscopy
technique that can image the photothermal property of sin-
gle nanoparticles and nano molecules. Shibu et al. [91] re-
ported the synthesis, sorting, and characterization of mono-
disperse AuNRs, which show additional red shifted plas-
mon resonance compared with their spherical counterparts.
A dual color PhI microscope was applied for imaging the
AuNR at single level and demonstrating that AuNRs are
promising basic building blocks for the cellular imaging
of biomolecules in the region of NIR.

In addition to gold nanospheres and AuNRs, gold nano-
shells also provide appealing characters for bioimaging.
Through adjusting the core radius and/or the shell thickness,
the optical resonances of nanoshell can be tuned in the region
of NIR, where the light can penetrate through tissues maxi-
mally because of the low absorption and scattering from in-
trinsic chromophores [92]. What is more, the large optical
cross sections and rigid metallic structures also make the gold
nanoshell a promising tool in vivo imaging. For example, Liu
et al. [93] fabricated a kind of nanoshell which is composed of
MoS2 core that covered by a thin gold shell that formed from
gold nanostructures of the average thickness of 4.4 ± 0.6 nm
and the diameter of 39 ± 13 nm. With the protection of tem-
plated MoS2 nanosheets, the MoS2-Au nanostructures show
great photostability. Moreover, these as-prepared MoS2-gold
nanostructures with strong photoelectric absorbance and en-
hanced NIR absorbance could be used as a multifunctional
theranostic agent with significant potential for dual-modal im-
aging-guided photothermal-radiation therapy of cancer. Since
the core-shell structure and the aspect ratio could tune
photothermal conversion efficiency (η) of gold nanostruc-
tures, Ma et al. [83] developed an easy method for the synthe-
sis of core-shell AuNR@LDH nanostructure which combined
layered double hydroxides (LDHs) with AuNRs of the aver-
age length of ∼60 nm and the aspect ratio of 4:1 (Fig. 5C).
Since the interaction between Au and LDHs could result some
electron deficiency on the surface of Au, and more electrons
could induce more thermal energy conversion, the η value of
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Fig. 5 A Schematic illustration of the AuNPs used as optical antennas for
quantum biological electron tunneling imaging in a tunnel junction.
Reprinted with permission from ref. [81], Copyright 2019 Springer
Nature. B Description of the laser-induced dynamical control of the
heat-shock response experimental approach. Reprinted with permission
from ref. [82], Copyright 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. C Synthesis scheme and the performance parameter
of AuNR@LDH. Reprinted with permission from ref. [83], Copyright
2019 American Chemical Society. D Schematic illustration of the self-

assembly of block copolymer-AuNPs into chain vesicles and nonchain
vesicles, and the enhanced photoacoustic imaging with chain vesicles.
Reprinted with permission from ref. [84], Copyright 2015 WILEY-
VCH Verlag GmbH& Co. KGaA, Weinheim. E The graphical represen-
tation of the DNA-origami-AuNR hybrid (D-AuNR) nanoprobe system
and the application of optoacoustic imaging and photothermal therapy.
Reprinted with permission from ref. [85], Copyright 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim
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the AuNR@LDH could reach up to 60% under 808 nm laser
irradiation, which was a remarkable enhanced conversion ef-
ficiency as compared to those reported AuNR-based
photothermal therapy materials [94, 95].

Bioimaging based on photoacoustics

Photoacoustics is another important technique for optical
imaging in medical diagnosis because it takes advantage
of sensitivity and selectivity of optical imaging, as well as
deep penetration and high resolution of ultrasound imaging
[96]. As described in the above section, photothermal im-
aging could provide nanoparticle tracking of high resolu-
tion; the photoacoustic imaging could offer both superb
spatial resolution and deep penetration depth [97]. Studies
have demonstrated that AuNPs can be used as contrast
agent in photoacoustic imaging. For instance, Chen’s group
[84] developed an AuNP-assisted photoacoustic imaging
method for biomedical applications (Fig. 5D). In their strat-
egy, block copolymer (BCP) tethered AuNPs (BCP-
AuNPs) into hollow vesicles with membranes containing
strings of AuNPs were stepwise self-assembled. The
AuNP chain vesicles were modulated by adjusting the den-
sity of the polymer ligands on the surface of the AuNPs and
showed obvious NIR absorption as contrast agents and drug
delivery vehicles for photoacoustic imaging. Since these
vesicles were stable under physiological conditions and
conditions with slightly higher ionic strengths or lower
pH values, great potential in bioimaging and drug delivery
was revealed [98]. In the following year, the same group
[99] reported the application of AuNPs as Raman probe,
which could not only be applied to detect cancer cells, but
also as the photoacoustic contrast agent for imaging-guided
cancer therapy in two tumor xenograft models. In this as-
say, the AuNPs were coated on carbon nanotube ring
(CNTR), and the CNTR acted as the template while
surface-attached redox-active polymer as the reducing
agent. Probably because of the combined effects of en-
hanced coupling between the embedded CNTR and the
closely attached AuNPs plasmon mode, the extinction in-
tensity of CNTR@AuNP was ~120-fold higher than that of
CNTR at 808 nm, and the SERS signal of CNTR@ AuNP
was ~110 times stronger than that of CNTR.

Other types of plasmonic gold nanostructures such as
AuNRs, gold nanocages, and gold nanoshells have also been
used in photoacoustic imaging. TakingAuNRs as an example,
a nanoplatform has been constructed by Du et al. through
assembling AuNRs on the surface of a DNA-origami structure
(D-AuNR) [85]. As shown in Fig. 5E, by combining the
AuNRs (~42 nm × 12 nm) and the DNA-origami structure,
the resulted D-AuNR hybrid could serve as a distinct probe as
well as a competent contrast agent in photoacoustic imaging
and enable decreased dose and improved imaging quality. At

the same time, the hybrid nanostructures responded to NIR
irradiation for the photothermal therapy, effectively inhibited
tumor regrowth, and prolonged the survival of diseased mice.
Hajfathalian et al. [100] reported a multifunctional engineer-
ing of Wulff in cage gold-silver nanoparticles which could be
used as photoacoustic imaging contrast agent, computed to-
mography, and potential agent for photothermal therapy. The
Wulff-shaped nanostructure was formed by transferring the
same shaped gold seeds into gold-silver core-shell structures
to combine the advantages of both shell and core structures
and perform a galvanic replacement reaction. To overcome
the limitations of single mode diagnosis and treatment,
Wang et al. [101] recently developed a magnetic resonance
and photoacoustic dual-mode imaging-guided photothermal-
enhanced chemodynamic therapy through designing a
gold@manganese dioxide (Au@MnO2) core-shell nanostruc-
ture. Under the guidance of photoacoustic and magnetic res-
onance imaging, the Au@MnO2 nanostructure with a core
size of ∼25 nm and a shell thickness of ∼14 nm could be
activated by endogenous glutathione of a high concentration,
exhibiting prominent synergistic treatment effect in
photothermal-enhanced chemodynamic therapy.

Conclusion and outlooks

In this review, a number of selected examples have been
highlighted to summarize the application of gold nanostruc-
tures in biosensing and bioimaging. For most of these selected
examples, general mechanisms and major characteristics of
them have been concluded and emphasized. It could be seen
that due to the outstanding properties of the plasmonic gold
nanostructures such as ease of functionalization and unique
optical characteristics, numerous advantages including wide
range of targets, high sensitivity, and rapid response have been
shown by these examples. It is expected that these methods
and strategies play a practical role in biosensing and
bioimaging related area.

Since scientific research is about constant exploration, and
there are still more effects are being put on this research topic,
in our opinion, emphasis on the following aspects may prompt
those forthcoming plasmonic gold nanostructures-based
methods for biosensing and bioimaging closer to practical
application.

(1) Besides sensitivity, specificity is another key perfor-
mance of biosensing and bioimaging. Since the plas-
monic gold nanostructures can be easily functionalized,
probes of specific recognition ability such as antibodies,
small peptides and aptamers could be conjugated with
them to enable specific recognition of interested analytes
[102, 103]. Furthermore, it could be anticipated that
through integrating appropriate specific recognition
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elements with the plasmonic gold nanostructures, multi-
plex detection of various interested analytes that is of
great demands and broad prospects will be realized.

(2) Much efforts should bemade to transfer the biosensing and
bioimaging assays from lab bench to clinic [104]. In this
respect, developing biosensing and bioimaging systems
that possess good anti-interference ability as well as longer
period of validity, it is highly required. Additionally, many
more emerging materials as well as new signal conduction
method should take into consideration.

(3) One of the ultimate goals in exploring novel biosensing
and bioimaging strategies on basis of plasmonic gold
nanostructures is applying them in early as well as pre-
cise diagnosis and treatment of diseases related to human
health. Therefore, more concern should be put on mini-
mizing the potential risks of those plasmonic gold nano-
structures to human body. In this context, developing
strategies such as the use of fewer gold nanostructures
to achieve the same sensing and imaging effects,
functionalizing gold nanostructures with natural proteins
and PEG with low molecular for improving systematic
clearance capabilities, and so on seems to be the reason-
able development direction [105].
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